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CANNABINOIDS

Compounds with
tetrahydrocannabinol (THC)-
like structures and/or THC-like
pharmacological properties.
Many compounds with a THC-
like structure are present in
cannabis, but not all of them
have THC-like pharmacological
properties. In addition, some
natural or synthetic compounds
have THC-like pharmacologicat
properties but not THC-like
structure.

CANNABIMIMETIC
Tetrahydrocannabinol (THC)-
like in pharmacological terms. A
compound is usually accepted as
cannabimimetic if it produces
four characteristic THC effects
inan in vivoassay known as the
‘mouse tetrad model’;
hypomotility, hypothermia,
analgesia and a sustained
immobility of posture
(catalepsy).
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CANNABINOIDS: POTENTIAL
ANTICANCER AGENTS

Manuel Guzman

Preparations from Cannabis sativa have been used for
many centuries both medicinally and recreationally.
However, the chemical structure of their unique active
components — the CANNABINOIDS — was not elucidated
until the early 1960s. As they are highly hydrophobic,
cannabinoids were initially believed to mediate their
actions by inserting directly into biomembranes. This
scenario changed markedly in the early 1990s, when spe-
cific cannabinoid receptors were cloned and their
endogenous ligands were characterized, therefore pro-
viding a mechanistic basis for cannabinoid action. This
led not only to an impressive expansion of basic
cannabinoid research, but also to a renaissance in the
study of the therapeutic effects of cannabinoids, which
now constitutes a widely debated issue with ample
scientific, clinical and social relevance. The scientific

community has gained substantial knowledge of the
'T__a;izaand antitumour actions o1 cannabinoids dunng
WHowever further basic research and

more exhaustive clinical trials are still required before
cannabinoids can be routinely used in cancer therapy.

Cannabinoids and their receptors

The hemp plant Cannabis sativa produces ~60
unique compounds known as cannabinoids.
Although the pharmacology of most of the cannabi-
noids is unknown, it is widely accepted that
A®-tetrahydrocannabinol (THC) is the most impor-
tant, owing to its high potency and abundance in
cannabis’. Other relevant plant-derived cannabinoids
include A8-THC, which is almost as active as A>-THC

Cannabinoids — the active components of Cannabis sativa and their derivatives — exert
palliative effects in cancer patients by preventing nausea, vomiting and pain and by stimulating
appetite. In addition, these compounds have been shown to inhibit the growth of tumour cells in
culture and animal models by modulating key cell-signalling pathways. Cannabinoids are usually
well tolerated, and do not produce the generalized toxic effects of conventional chemotherapies.
So, could cannabinoids be used to develop new anticancer therapies?

but less abundant; cannabinol, which is produced in
large amounts but is a weak CANNABIMIMETIC agent; and
CANNABIDIOL, which is abundant but has no
cannabimimetic activity. THC exerts a wide variety of
biological effects by mimicking endogenous
substances — the endocannabinoids anandamide
and 2-arachidonoylglycerol — that activate specific
cannabinoid receptors (BOX 1).

So far, two cannabinoid-specific receptors — CB,
and CB, — have been cloned and characterized from
mammalian tissues®. Both the central effects and many
of the peripheral effects of cannabinoids depend on
CB,-receptor activation. Expression of this receptor is
abundant in the brain, particularly in discrete areas
that are involved in the control of motor activity (basal
ganglia and cerebellum), memory and cognition (cor-
tex and hippocampus), emotion {amygdala), sensory
perception (thalamus), and autonomic and endocrine
functions (hypothalamus, pons and medulla), but the
CB, receptor is also expressed in peripheral nerve ter-
minals and various extraneural sites such as the testis,
eye, vascular endothelium and spleen. By contrast, the
CB, receptor is almost exclusively expressed in the
immune systern, both by cells, including B and T lym-
phocytes and macrophages, and by tissues, including
the spleen, tonsils and lymph nodes**

Other than the endocannabinoids, there are three
main structural classes of cannabinoid-agonist ligands.
These are the ‘classical’ cannabinoid analogues of THC,
the ‘non-classical’ bicyclic and tricyclic cannabinoid
analogues of THC, and the aminoalkylindoles. All have
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CANNABIDIOL

A non-psychoactive
cannabinoid present in cannabis
that inhibits convuisions,
anxiety, vorniting and
inflammation; it is now in Phase
1I clinical trials in combination
with tetrahydrocannabinol for
the treatment of multiple-
sclerosis-associated muscle
disorders.

MYENTERIC AND SUBMUCOSAL
PLEXUS

A network of sympathetic and
parasympathetic nerve fibres
and neuron cell bodies that are
tucked in among the interstices
of the smooth-muscle layer
surrounding the digestive
mucosa (myenteric plexus) or
just underneath the digestive
mucosa (submucosal plexus)
and that coordinately control
gastrointestinal contractions.

META-ANALYSIS

Statistical analysis of a large
collection of results from
individual studies for the
purpose of integrating their
findings.

been subjected to comprehensive structure-activity
relationship studies, which, by selectively modifying the
chemical structure of cannabinoid molecules, have led
to the generation of various types of potent synthetic
cannabinoid-receptor agonists. Selective cannabinoid-
receptor antagonists such as the diarylpyrazoles (proto-
typical compounds developed by Sanofi: for example,
SR141716 for CB, and SR144528 for CB,) have also
been developed?®. All of these compounds have been
excellent pharmacological tools that have been used to
achieve a detailed knowledge of cannabinoid action,
and might serve as templates for the design of clinically
useful drugs.

Palliative effects of cannabincids
Cannabinoids have been known to exert palliative

Sy
< tffects in oncology since the early 1970s, and for this

reason they are given to patients — althougiTquite
restrictedly — in the clinic. The molecular basis of the
established and potential palliative applications of
cannabinoids are still being dissected.

Inhibition of nausea and emesis. Prolonged nausea
and emesis/vomiting is a devastating side effect that
regularly accompanies the administration of cancer
chemotherapeutic drugs. This unwanted effect can be
so severe that some patients stop their treatments
despite the persistence of malignant cancer. When
nausea and vomiting are frequent, antiemetic drugs
are routinely given before and after chemotherapy.

Cannabinoids are antiemetic in animal models of
vomiting®. As the CB, receptor is present in cholinergic
nerve terminals of the MYENTERIC AND SUBMUCOSAL PLEXUS
of the stomach, duodenum and colon, it is probable
that cannabinoid-induced inhibition of digestive-
tract motility is caused by blockade of acetylcholine
release in these areas®. There is also evidence that
cannabinoids act on CB, receptors that are localized
in the dorsal-vagal complex of the brainstem — the
region of the brain that controls the vomiting reflex
— and that endocannabinoids and their inactivat-
ing enzymes are present in the gastrointestinal tract
and might have a physiological role in the control
of emesis®’.

One of the earliest studied, and so far the best

P —— e st e e ey s
established, therapeutic benefits of capnabinoids in
~humans is the treatment of nausea and vomiting.

great number of clinical trials with THC, synthetic
cannabinoids and cannabis smoking in the 1970s and
1980s showed that the antiemetic potency of cannabi-
noids was at least equivalent to that of the antiemetics
widely used at that time, such as the dopamine
D,-receptor antagonists prochlorperazine, domperi-
done and metoclopramide® 0. In addition, most of the
patients tested had a clear preference for cannabinoids
as antiemetics. META-ANALYSIS indicates that an optimal
balance of efficacy and unwanted effects was achieved
with relatively modest doses of THC (~5.0 mg/day),
and that the dose could be increased during
chemotherapy cycles®!®. Today, capsules of THC
(dronabinol (Marinol)) and its classical synthetic ana-
logue LY109514 (nabilone (Cesamet)) are approved to
treat nausea and emesis associated with cancer
chemotherapy (TABLE 1). Nabilone also inhibits nausea
and vomiting associated with radiation therapy and
anaesthesia after abdominal surgery. However, the
effect of nabilone in these treatments is moderate® 1.

Although it is clear that cannabinoids serve as anti-
emetic agents in cancer therapy, several questions
remain to be answered®. Cannabinoids should be com-
pared alone and in combination with modern anti-
emetics, such as the selective serotonin 5-HT,-receptor
antagonist ondansetron and the selective substance
P/neurokinin- 1-receptor antagonist aprepitant, which
have fewer associated side effects than the antiemetics
that were used when the original cannabinoid trials
were carried out. Of interest, cannabinoids are rela-
tively effective in preventing nausea and emesis in
patients during the delayed phase of chemotherapy-
induced emesis, which usually occurs 24 hours or more
after chemotherapy and is poorly controlled in about
half of the patients receiving 5-HT,-receptor antago-
nists®’. The reason for this distinct behaviour of
cannabinoids and 3-HT,-receptor antagonists is
unknown, but might be because of the different patho-
physiological bases of acute and delayed emesis. In
addition, it is worth noting that cannabinoids can block
5-HT, receptors''. Further studies will be required to
establish which patients and what types of cancer
chemotherapy are suited to cannabinoid use for the
prevention of nausea and emesis.
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IONOTROPIC RECEPTORS
Channel-like receptors that are
opened by agonist binding and
through which ions such as Na*,
K*and/or Ca*” can pass.
lonotropic glutamate receptors
are usually divided into three
groups: N-methyl-p-aspartic
acid (NMDA) receptors, kainate
receptors and O-amino-
3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA)
receptors.

METABOTROPIC RECEPTORS
Seven-transmembrane
(heptahelical) receptors that
couple to heterotrimeric G
proteins, thereby modulating
pathways such as cyclic
AMP-protein kinase A (via G or
G). diacylglycerol-protein
kinase C {via Gq) and inositol
1,4,5-trisphosphate~Ca? (via
G). Atleast eight subtypes of
glutamate metabotropic
receptors are known.

INTRAOCULAR PRESSURE
Pressure inside the eye. When it
increases — for example, in
glaucoma —damage to the
optic nerve of the eye can result
in blindness. Cannabinoids
decrease intraocular pressure.

Appetite stimulation. More than half of the patients with
advanced cancer experience lack of appetite and/or
weight loss, and they consistently rank anorexia as one of
the most troublesome symptoms. Anorexia might ulti-
mately lead to massive weight loss — cachexia — which
is an important risk factor for morbidity and mortality
in cancer. About one-third of cancer patients lose more
than 5% of their original body weight, and cachexia is
estirnated to account for ~20% of cancer deaths!?

Many studies have reported that THC and other
cannabinoids have a stimulatory effect on appetite and

increase food intake in animals. These effects are par-
ticularly seen when cannabinoids are administered at
low to moderate doses, which do not produce marked
side effects’®. The endogenous cannabinoid system
might serve as a physiological regulator of feeding
behaviour. For example, endocannabinoids and CB,
receptors are present in the hypothalamus, the area of
the brain that controls food intake; hypothalamic
endocannabinoid levels are reduced by leptin, one of
the main anorexic hormones; and blockade of tonic
endocannabinoid signalling with the CB, antagonist

%

Endogenous canhabinoids

Postsynaptic netron

esynaptic neuron:
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NOCICEPTIVE
A stimulus that causes pain or a
reaction that is caused by pain.

HYPERALGESIA

An increased sensitivity and
lowered threshold to a stimutus
— such as burn of the skin —
that is normally painful.

ALLODYNIA

Pain caused by a stimulus —
such as touch, pressure and
warmth — that does not
normally provoke pain.

Table 1 | Palliative effects of THC and nabllone m cancer therapy

Palliative effect on Cannabinoid 'Stage in cﬁmcal tnals

‘cancer therapy. L S : i 5
Inhibition of nausea THC, nabilone Dronabinol and nabilone approved for 6-10
and emeS|s cancer chemotherapy

iAp{;etite\ stimulatlon SESTHE  Phase fllwith THC for cancer anorexia (however, 8,1

: : RS - dronabinol is appmved for Al DS wasting syndrome) -
Analgesia THC Phase Il with THC for cancer paln

Vlnhibman of muscle LU ATHG, nab;lone Phase W with THE and nabdone for

“weakness : o . cancer depréssion andanxrety

Mood effects (sedatlon
antidepression. hypnosis)

THC (+ cannabtd:ot) Not for cancer, but Phase Il with THC for mumple
sclerosis muscle-debilitating symptoms

THC, Ag»tetrahydrocannabinol.

rimonabant (SR1417186) — now in Phase 111 clinical
trials for the treatment of obesity — inhibits appetite
and induces weight loss'3!. Although the usual view is
that cannabinoids centrally control appetite — as they
are expressed in the brain — CB, receptors present in
nerve terminals® and adipocytes'®!" might also partici-
pate in the regulation of feeding behaviour.

Considerable anecdotal information from cannabis
smokers and, more importantly, a series of clinical trials
support the appetite-stimulating properties of
THCB8'%13, In particular, the appetite-stimulating (orexi-
genic) action of THC has been repeatedly observed in
AIDS patients, and so dronabinol is prescribed for
anorexia associated with weight loss in AIDS patients
(TABLE 1), at a dosage range of 2.5-5.0 mg/day ®°. In can-
cer patients, at least three Phase Il clinical trials have
established a relation between increased appetite and
the prevention of body weight loss following THC treat-
ment'®, and a recent Phase I1I trial has confirmed the
appetite-stimulating effect of oral THC at 5.0 mg/day in
advanced cancer™.

Further research should elucidate the clinical rele-
vance of cannabinoids for cancer anorexia. For exam-
ple, the efficacy:safety ratio of different regimens of
cannabinoid administration should be evaluated in
comparison with the progesterone derivative mege-
strol acetate, the most extensively used agent for treat-
ing cancer anorexia'®, Moreover, cachexia is caused not
only by depression of food intake, but also by
increased energy wasting'?, In this respect, it is interest-
ing that the CB, antagonist rimonabant not only sup-
presses appetite, but also enhances energy expenditure,
indicating that CB, activation could be involved in
energy preservation's'’,

Pain inhibition. Pain has a negative impact on the qual-
ity of life of cancer patients. Almost half of all patients
with cancer experience moderate to severe pain, and it
increases in patients with metastatic or advanced-stage
cancer. Chronic cancer pain usually has a NOCICEPTIVE
component, which originates from inflammatory
reactions around the sites of injury, and a neuropathic
component, which results from damage to the nervous
system. So, the pharmacological management of
chronic pain should target peripheral nerves, the spinal
cord and the brain®.

Cannabinoids inhibit pain in animal models of
acute and chronic HYPERALGESIA, ALLODYNIA and sponta-
neous pain, caused by heat, mechanical pressure,
abdominal stretching, nerve injury and formalin injec-
tion?"?2, There is sufficient evidence that cannabinoids
produce antinociception by activating CB, receptors in
the brain (thalamus, periaqueductal grey matter and
rostral ventromedial medulla), the spinal cord (dorsal
horn) and nerve terminals (dorsal root ganglia and
peripheral terminals of primary-afferent neurons}, and
that endocannabinoids function naturally to suppress
pain by inhibiting nociceptive neurotransmission?-#,
In addition, peripheral CB, and/or CB,-like receptors
might mediate local analgesia, possibly by inhibiting
the release of various mediators of pain and inflamma-
tion?'%, which could be important in the management
of cancer pain?.

A meta-analysis of the clinical trials on cannabinoid
analgesia is not feasible because of the dearth and het-
erogeneity of the trials carried out so far?’. Nonetheless,
there are some human data to support the effectiveness
of cannabinoids in alleviating pain associated with can-
cer (TABLE 1), the effects of surgery, phantom limbs, mul-
tiple sclerosis, spinal-cord injury and migraine?*?2. In
particular, four Phase III clinical trials on cancer pain
have been carried out, one with THC and the other
three with two first-generation synthetic cannabinoid
derivatives that are not used at present owing to their
low potency and specificity. The general conclusion is
that cannabinoids have similar analgesic potency to
codeine — a moderate opioid analgesic?*?,

Further clinical trials on cannabinoids in the treat-
ment of cancer pain — including terminal care — seem
justified?% and, in fact, are now in progress. An adjunc-
tive role for cannabinoids in analgesia seems the most
likely?!?2 and, in this respect, it would be interesting to
exploit the synergistic interactions that occur between
cannabinoid and opioid antinociception observed in

animal models®?'.

Psychological effects. Studies in animal models indicate
that cannabinoids — at least at low doses — exert anti-

iety effects, and there is considerable anecdotal infor-
mation about the effects of cannabis use on mood-related
disorders*!®, However, only a few small trials with
cannabinoids have systematically evaluated the mood
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SENSORY-MOTOR PERIPHERAL
NEUROPATHIES

Diseases or abnormalities of the
peripheral nervous system that
affect senses and movement.

MYASTHENIC
Abnormal muscle weakness or
fatigue.

FORKHEAD TRANSCRIPTION
FACTORS

A family of proteins that regulate
the expression of genes that are
involved in the controf of cel}
survival, death, growth,
differentiation and stress
responses. Their activity is
tightly controlled by AKT, so
that phosphorylated forkhead
transcription factor FOXO is
retained in the cytoplasm and
remains transcriptionaily
inactive.

Table 2 | Tumours that are sensitive to cannabmold-lnduced growth mhlbmon

Tumourtype : 'Expenmental system  Effect - : ~ ‘Receptor: -jRe‘ferferideé,
Lung carcinoma In vivo {mouse); Decreased tumour size; N.D. 29
in vitro cell- growth inhibition
'Gliémja, JAvive [mouse, rat) x ‘Decreased tumour srze[' ' CB;,CB, 50,51,53,85.
R invitro . & apoptosis . e e Rl
Thyroid epithelioma In vivo (mouse); Decreased tumour size; CB, 60
fn vitro cell-cycle arrest.
Lymphoma/eukaemia - i vivo (mouse); ' Decreased tumour size; - CB, B
L N (e ~apoptosis L AT
Skin carcinoma In vivo (mouse}; Decreased tumour size; CB,.CB, 61
invitro apoptosis
Uters carcinoma. nvitro Cell-growthinhibition =+ "N.DL 97,98
Breast carcinoma In vitro Celi-cycle arrest Cg, 57-59
 Prostate carcinoma - in vitro Apoptosis . CB7? - 54,59,99
Neuroblastoma Invitro Apoptosis VR, 51,73

N.D., not determined; VR,, type 1 vanilloid receptor.

state of cancer patients. THC and nabilone might lead to
several positive psychological effects, including a reduc-
tion in depression and anxiety, which could result in
improved sleep®'® (TABLE 1). These potentially positive
effects, which can influence the medical benefits, need to
be objectively evaluated with further clinical trials.

Inhibition of muscle weakness. Muscle weakness occurs
in several chronic and debilitating neurological condi-
tions such as multiple sclerosis and spinal-cord injury,
and might also affect patients with cancer
who have developed paraneoplastic syndromes such
as SENSORY-MOTOR PERIPHERAL NEUROPATHIES and other
MYASTHENIC syndromes. Increasing amounts of labora-
tory research and anecdotal information from cannabis
users have led to Phase III clinicat trials in which THC
alone or in combination with other cannabinoids is
being tested for treatment of spasticity and other mus-
cle-debilitating symptoms of multiple sclerosis’?
(TABLE 1). The potential applicability of cannabinoids to
cancer-related muscle weakness is, as yet, unknown.

Antitumour effects of cannabinoids

Inhibition of tumour-cell growth. The antiproliferative
properties of cannabis compounds were first reported
almost 30 years ago by Munson et al.?, who showed
that THC inhibits lung-adenocarcinoma cell growth
in vitro and after oral administration in mice. Although
these observations were promising, further studies in
this area were not carried out until the late 1990s.
Several plant-derived (for example, THC and
cannabidiol), synthetic {for example, WIN-55, 212-2
and HU-210) and endogenous cannabinoids (for
example, anandamide and 2-arachidonoylglycerol) are
now known to exert antiproliferative actions on a wide
spectrum of tumour cells in culture® (TABLE 2). More
importantly, cannabinoid administration to nude mice
slows the growth of various tumour xenografts, includ-
ing lung carcinomas, gliomas, thyroid epitheliomas,
skin carcinomas and lymphomas. The requirement of
CB, and/or CB, receptors for this antitumour effect

(TABLE 2) has been shown by various biochemical and
pharmacological approaches, in particular by deter-
mining cannabinoid-receptor expression and by using
selective cannabinoid-receptor agonists and antago-
nists. In one study, endocannabinoids were suggested to
exert their apoptotic effect by binding to the type 1
vanilloid receptor (VRI), a non-selective cation channel
targeted by capsaicin, the active component of hot chilli
peppers (TABLE 2). However, the precise role of this
receptor in cannabinoid signalling is still unclear?.

Possible mechanisms of antitumour action. Canna-
binoids affect various cellular pathways by binding and
activating their specific G-protein-coupled cannabinoid
receptors. They inhibit the adenylyl cyclase~cyclic AMP
(cAMP)-protein kinase A pathway and modulate the
activity of Ca? and K* channels?, which inhibits neuro-
transmitter release (80X 1). Cannabinoids have also been
found to modulate several signalling pathways that are
more directly involved in the control of cell fate™: they
stimulate mitogen-activated protein kinases (MAPKs) —
the extracellular-signal-regulated kinase®-# (ERK) and
the stress-activated kinases JUN amino-terminal kinase
{(JNK) and p38 MAPK®-% — which have prominent
roles in the control of cell growth and differentiatior’®™
(F1G. 1). Cannabinoid-induced MAPK stimulatior has-
been observed in primary neural cells, neural cell lines,
lymphoid cells, vascular endothelial cells and Chinese
hamster ovary cells that were transfected with cannabi-
noid-receptor complementary DNAs. By contrast,
cannabinoids have been found to attenuate ERK in a
neuronal-like cell line in vitro™. Cannabinoid receptors
are also coupled to stimulation of the phosphatidylinosi-
tol 3-kinase (PI3K)-AKT survival pathway® . Activated
AKT can phosphorylate and inhibit nuclear translocation
of FORKHEAD TRANSCRIPTION FACTORSY!, thereby preventing the
expression of pro-apoptotic proteins. Similar to ERK, the
negative coupling of cannabinoid receptors to AKT has
also been reported*2. A role for PI3K as an upstream
component of cannabinoid-induced ERK activation is
seen in some systems*>* but not in others®.
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PHEOCHROMOCYTOMA

A relatively severe tumour of
adrenal-gland chromaffin cells
that causes excess release of
adrenaline and noradrenaline
and is therefore characterized by
hypertension and tachycardia.

7 Cannabinoids

Figure 1 Signalling pathways involved in the control of cell
fate by cannabinoids. Cannabinoids exert their effects by
binding to specific G-protein-coupled receptors. The
cannabinoid receptor CB, signais several different cellular
pathways. These include inhibition of the adenylyl cyclase
{AC)—cyclic AMP-protein kinase A (PKA) pathway; modulation of
ion conductances, by inhibition of voltage-sensitive Ca?*
channels (VSCC) and activation of Ca?* release from intraceliular
stores; activation of mitogen-activated protein kinase cascades
{extracellular-signal-regulated kinase (ERK), JUN amino-terminal
kinase (JNK) and p38); activation of the phosphatidylinositol
3-kinase (PI3K}-AKT pathway; and ceramide generation, both
acutely through FAN-sphingomyelinase (factor associated with
neutral sphingomyelinase activation-SMase) and sustainedly
through de novo synthesis. The crosstalk between the different
pathways has been omitted for simplification.

Cannabinoids can modulate sphingolipid-metabo-
lizing pathways by inducing sphingomyelin break-
down and acutely increasing the levels of ceramide?®
- a lipid second messenger that can induce apoptosis
and cell-cycle arrest?#8, This effect is cannabinoid-
receptor dependent but G-protein independent, and
seems to involve the adaptor protein FAN (factor asso-
ciated with neutral sphingomyelinase activation)®.
Cannabinoid-receptor activation can also generate a
sustained peak of ceramide accumulation through
enhanced de novo synthesis*?,

Other targets for cannabinoids that might be
involved in the control of cell fate inciude the transcrip-
tion factor NF-«B and nitric-oxide synthase (NOS).
However, the effects of cannabinoids on these two pro-
teins are variable, ranging from activation to inhibition,
and the underlying mechanisms of cannabinoid action
remain obscure?,

Cannabinoids might exert their antitumour effects
by several different mechanisms, including direct induc-
tion of transformed-cell death, direct inhibition of
transformed-cell growth and inhibition of tumour
angiogenesis and metastasis (TABLE 3).

Cannabinoid-induced apoptosis can be exempli-
fied by glioma cells®, in which apoptotic death
depends on sustained ceramide generation®®. The

increased ceramide levels observed in glioma cells .
after cannabinoid challenge would lead to prolonged
activation of the RAF1-MEK-ERK signalling cascade®
and AKT inhibition*. It is generally accepted that ERK
activation leads to cell proliferation; however, the rela-
tion between ERK activation and cell fate is complex
and depends on many factors, one of which is the
duration of the stimulus, as prolonged ERK activation
can mediate cell-cycle arrest and cell death. Following
cannabinoid-receptor activation, two peaks of
ceramide generation are observed in glioma cells that
have different kinetics (minute- versus day-range),
magnitude (twofold versus fourfold), mechanistic ori-
gin (sphingomyelin hydrolysis versus de novo ceramide
synthesis) and function (metabolic regulation versus
induction of apoptosis) * (FIG. 2a). The apoptotic action
of cannabinoids on glioma cells clearly depends on the
second peak of ceramide generation and ERK activa-
tion*?%053, Pharmacological inhibition of de novo
ceramide synthesis also prevents cannabinoid-induced
death of prostate tumour cells*. The involvement of
oxidative stress® and stress-activated protein
kinases®*® in cannabinoid-induced apoptosis can not
be ruled out.

CB, -receptor activation in breast carcinoma cells
blocks the cell cycle at the G1-S transition™, and this has
been ascribed to the inhibition of adenylyl cyclase and
the cAMP-protein kinase-A pathway. Protein kinase A
phosphorylates and inhibits RAF1, so cannabinoids pre-
vent the inhibition of RAF1 and induce prolonged acti-
vation of the RAF1-MEK-ERK signalling cascade®.
These signalling events mediate the antiproliferative
action of cannabinoids on breast carcinoma cells by
reducing the expression of two specific receptors, the
high-molecular-weight (100 kDa) form of the prolactin
receptor and the high-affinity neurotrophin TRK recep-
tor®®%, CB -receptor activation also induces cell-cycle
arrest at the G1-S transition in thyroid epithelioma cells
that are transformed with the KRAS oncogene both
in vitroand in vivo®. The mechanism of cannabinoid
action on the cell cycle remains to be established.

Inhibition of growth-factor-receptor signalling fol-
lowing cannabinoid-receptor activation has also been
observed in PHEOCHROMOCYTOMAY, skin carcinoma®! and
prostate carcinoma® cells, and could therefore constitute
a general mechanism of cannabinoid antiproliferative
action. However, its consequences on ERK activity are
not obvious: for example, in pheochromocytoma cells,
cannabinoids inhibit ERK¥, whereas in breast carci-
noma cells, cannabinaids activate ERK %,

To grow beyond minimal size, tumours must gener-
ate a new vascular supply {angiogenesis) for purposes of
cell nutrition, gas exchange and waste disposal — there-
fore, blocking the angiogenic process constitutes one of
the most promising antitumour approaches now avail-
able®. Immunohistochemnical and functional analyses in
mouse models of glioma® and skin carcinoma® have
shown that administration of cannabinoids turns the
vascular hyperplasia that is characteristic of actively
growing tumours into a pattern of blood vessels that is
characterized by small, differentiated and impermeable
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Table 3 | Possible mechamsms of cannabinoid antitumour action

tProcess :
Induction of apoptosis

Inhibition of angiogenesis
and metastasis

S‘Poss:ble mechamsms

42,50,53

Ceramide accumnulation by de novo synthe5|s,
sustamed ERK actnvatlon and AKT mhtbmon

Decreased expression of pro- ang:ogemc factors 61,63, 64
and matrix metalloproteinases: inhibition of
vascular-endothelial-cell migration and survival?

References .

a

400
K300
(U]
2
S
© 200
@
O

100

Time (days})

b
Glioma cell Astrocyte

Cannabinoid

Apoptosis ;

Figure 2 | Differential cannabinoid signalling in
transformed versus non-transformed glial cells.

a | In glioma cells, cannabinoids can induce two peaks of
ceramide (solid line). The short-term peak occurs through
sphingomyelin hydrolysis and is not related to apoptosis.
The long-term peak occurs by de novo ceramide synthesis,
is involved in apoptosis, and does not occur in normal
astrocytes or in glioma-cell clones that are resistant to
cannabinoid-induced apoptosis (dashed line). b | In glioma
cells, cannabinoid-induced ceramide accumulation inhibits
AKT and induces apoptosis, whereas in normal astrocytes
cannabinoids activate AKT and prevent ceramide-induced
AKT inhibition, thereby promoting survival.
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capillaries. This is associated with a reduced expression
of vascular endothelial growth factor (VEGF) and other
pro-angiogenic cytokines®'*® as well as of VEGF
receptors (C. Bldzquez and M.G., unpublished observa-
tions). In addition, activation of cannabinoid receptors
in vascular endothelial cells inhibited cell migration and
survival, which might contribute to impaired tumour
vascularization®3, Administration of cannabinoids to
tumour-bearing mice also decreased the activity and
expression of matrix metalloproteinase 2 — a prote-
olytic enzyme that allows tissue breakdown and remod-
elling during angiogenesis and metastasis®. This might
explain at least in part why cannabinoid-induced inhi-
bition of tumour metastasis was observed in mice
injected with lung carcinoma cefls™.

Selectivity of antiproliferative action. Antitumour com-
pounds should selectively affect tumour cells. It seems
that cannabinoids can do this, as they kill tumour cells
but do not affect their non-transformed counterparts
and might even protect them from cell death. The best
characterized example is that of glial cells. Cannabinoids
induce apoptosis of glioma cells in culture and induce
regression of gliomas in mice and rats (TABLE 2). By con-
trast, cannabinoids protect normal glial cells of
astroghal® and oligodendroglial® lineages from apopto-
sis. This protective effect is mediated by the CB, receptor
and the PI3K-AKT survival pathway. Cannabinoid-
induced apoptosis of glioma cells is mediated by
ceramide generation®2%%; however, cannabinoids attenu-
ate ceramide-induced apoptosis of normal astrocytes
both in vitroand in vivo®.

The molecular basis of this ‘ying-yang’ behaviour is
not yet completely understood, but could result from
the differential capacity of tumour and non-tumour
cells to synthesize ceramide in response to cannabi-
noids®?. As mentioned above, after cannabinoid-recep-
tor activation two peaks of ceramide generation are
observed in glioma cells, the second of which is due to
enhanced de novo ceramide synthesis and triggers
apoptosis. However, this second peak does not occur in
normal astrocytes or in glioma-cell clones that are
refractory to cannabinoid-induced apoptosis, despite
the expression of functional cannabinoid receptors’%
(FIG. 2a). Of interest, this resistance of primary astrocytes
to cannabinoid-induced de novo ceramide synthesis
and apoptosis is specific, as exposure of these cells to
other stimuli such as uptake of the fatty acid palmitate®
or serumn deprivation (A. Carracedo, M.G. & G. Velasco,
unpublished observations) does induce apoptosis
through de novo ceramide synthesis. It is therefore
conceivable that cannabinoid receptors regulate cell
survival and cell death differently in transformed and
non-transformed cells. In glioma cells, cannabinoids
inhibit AKT through ceramide®, whereas in primary
astrocytes cannabinoids activate AKT and abrogate
ceramide-induced AKT inhibition® (FIG. 2b).

The possibility that the ‘ying-yang action of
cannabinoids depends on different patterns of cannabi-
noid-receptor expression and/or on the coupling of
cannabinoid receptors to different types of G protein
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PHARMACODYNAMICS
Mechanisms by which drugs
affect their target sites in the
body to produce their desired
therapeutic effects and their
adverse side effects.

PHARMACOKINETICS

Tire course of drugand
metabolite levels in different
fluids, tissues and excreta of the
body, and of the mathematical
relationships required to develop
models to interpret such data.

ch 2] Potennal adverse eﬁects of cannabmolds

can not be ruled out. However, this seems unlikely. On
the one hand, glioma cell clones that are resistant to
cannabinoid-induced apoptosis express similar amounts
of CB, and CB, receptors, compared with cannabinoid-
sensitive clones™; this is further supported by pharmaco-
logical studies using selective cannabinoid-receptor
antagonists¥. On the other hand, although activation of
G, proteins by the CB, receptor has been reported®,
increasing evidence indicates that cannabinoid receptors
have a clear preference for coupling to G, proteins®®*%,
Other reported examples of cannabinoid selectiv-
ity towards tumour cells include thyroid epithelioma®
and skin carcinoma® cells. In addition, though per-
haps mechanistically unrelated, cannabinoids protect
neurons from death in various models of toxic dam-
age”"2, whereas neuroblastoma cells are sensitive to
cannabinoid-induced death®-™. A possible exception
to this cannabinoid selectivity might be immune cells,
although this can depend on experimental conditions
— mostly stimulus strength’. For example, cannabi-
noids at high concentrations induce apoptosis of
non-transformed monocytes, macrophages and lym-
phocytes’>’8, which might contribute to impaired host
antitumour responses by inhibiting the production of
antitumour cytokines such as interferon-yand inter-
leukin-12 (REF.77). By contrast, low cannabinoid doses
enhance lymphocyte’ and myeloid-cell growth™. In
any event, the issue of immunosuppression needs to
be explicitly investigated in any trial of cannabinoids

ps hoactxveeffen:ts’“’“8’i Inhumans:« S

in cancer patients®, although long-term surveys of
HIV-positive patients have shown no link between
dronabinol use or cannabis smoking and average
T-cell counts or progression to AIDS#°,

Towards the clinical application
Side effects and how to circumvent them. Canna-
binoids have a favourable drug saféty profile®818,
Acute fatal cases due to cannabis use in humans have
not been substantiated, and median lethal doses of
THC in animals have been extrapolated to several
grams per kilogram of body weight®. Cannabinoids
are usually well tolerated in animal studies and do
not produce the generalized toxic effects of most con-
ventional chemotherapeutic agents. For example, in a
2-year administration of high oral doses of THC to
rats and mice, no marked histopathological alter-
ations in the brain and other organs were found.
Moreover, THC treatment tended to incease survival
and lower the incidence of primary tumours®,
Similarly, long-term epidemiological surveys,
although scarce and difficult to design and interpret,
usually show that neither patients under prolonged
medical cannabinoid treatment nor regular cannabis
smokers have marked alterations in a wide array of
physiological, neurological and blood tests®19%2,

The use of cannabinoids in medicine, however, is
severely limited by their psychoactive effects (BOX 2).
Although these adverse effects are within the range of
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Box 3 | Cannabinoid pharmacokinetics

FIRST-PASS METABOLISM
Pre-systemic metabolism of a
drug that limits its exposure to
the body. For example, chemical
or enzymatic breakdown of a
drug in the gastrointestinal
lumen or in the stomach,
intestine or liver cells can greatly
reduce the amount of drug that
ends up in the bloodstream.

DEXANABINOL

(HU-211). A non-psychoactive
synthetic derivative of
tetrahydrocannabinol that
blocks ionotropic glutamate
receptors and has antioxidant
and anti-inflammatory
properties; it is now in Phase I11
clinical trials for the
management of brain trauma.

AJULEMIC ACID

(CT3). A synthetic derivative of
the tetrahydrocannabinol
metabolite 11-carboxy-THC
that inhibits pain and
inflammation; it is entering
Phase 11 clinical trials for the
treatment of pain and spasticity
in multiple sclerosis.

The route of administration affects the time course and intensity of the drug effects. At
present, clinical use of cannabinoids is limited to oral administration of dronabinol and
nabilone. However, absorption by this route is slow and erratic; cannabinoids might be
degraded by the acid of the stomach; rates of FIRST-PASS METABOLISM in the liver vary greatly
between individuals; and patients sometimes have more than one plasma peak, which
makes it more difficult to control the drug effects®.

Anecdotal reports indicate that in certain patients cannabis is more effective and might
have fewer psychological effects when smoked than when taken orally. However, cannabis
smoke contains the same chemical carcinogens that are found in tobacco, making it
potentially harmful in Iong-term use and difficult to investigate in clinical trials®. A safer
alternative for inhaled administration of cannabinoids has been recently produced by
GW Pharmaceuticals and Bayer AG. This is a medicinal cannabis extract known as
Sativex, which contains tetrahydrocannabinol (THC) and cannabidiol, that is
administered by spraying into the mouth and is now in clinical trials for pain and the
debilitating symptoms of multiple sclerosis.

Other routes of cannabinoid administration tested so far in humans include
intravenous (THC and dexanabinol in saline/ethanol/adjuvant), rectal (THC-
hemisuccinate suppositories) and sublingual administration (THC- and cannabidiol-
rich cannabis extracts)®. These three routes circumvent the aforementioned problems of
oral administration by producing single, rapid and high drug-plasma peaks.

Owing to its high hydrophobicity, absorbed THC binds to lipoproteins and albumin in
plasma and is mainly retained in adipose tissue — the main long-term THC storage site.
THC is only slowly released back into the bloodstream and other body tissues, so that full
elimination from the body is slow (half-life 1-3 days). THC metabolism occurs mainly by
hepatic cytochrome P450 iscenzymes. The process yields 11-hydroxy-THC and many
other metabolites resulting from hydroxylation, oxidation, conjugation and other
chemical modifications that are cleared from the body by excretion.

those accepted for other medications, especially in
cancer treatment, and tend to disappear with toler-
ance following continuous use (BOX 2), it is obvious
that cannabinoid-based therapies devoid of side
effects would be desirable.

As the unwanted psychotropic effects of cannabi-
noids are mediated largely or entirely by CB, receptors
in the brain, a first possibility would be to use
cannabinoids that target CB, receptors. Selective CB,-
receptor activation in mice induces regression of
gliomas® and skin carcinomas® and can also inhibit
pain® in the absence of overt signs of psychoactivity.
Certain cannabinoids that act through non-cannabinoid
receptors — and are therefore devoid of psychoactivity
— would also be useful in cancer therapy. These
include cannabidiol, which inhibits glioma-cell
growth in vitro®®, pexanaBINOL, of which the effect on
tumour-cell growth has not yet been tested” ¥, and
AjuLeMiC Acip, which inhibits glioma-cell growth
invitroand in vivo® — the pharmacological proper-
ties of ajulemic acid are, however, controversial®®#.
Alternatively, the design of cannabinoids that do not
cross the blood-brain barrier might exert antitumour,
pain-killing and appetite-stimulating effects without
causing psychoactivity. Another strategy would be to
manipulate the effects of endocannabinoids. Achieving
high endocannabinoid levels in the location of the
tumour by selectively inhibiting endocannabinoid
degradation has proved successful in animal models,
as drugs that block anandamide breakdown exert
antitumour effects with little psychoactivity®.

Cannabinoids are poorly soluble in water, which
determines their pharmacokinetic behaviour, in
particular their poor bioavailability when given orally,
and has been one of the difficulties in formulating
preparations of pure compounds for medicinal use
and for finding appropriate routes of delivery (BOX 3).
In the case of a possible application in cancer therapy,
it is conceivable that administration of a low dose of
cannabinoid directly to the target site would increase
effectiveness and reduce adverse side effects. So, using
water-soluble cannabinoids — such as O-1057 —
might help to overcome some of the pharmacokinetic
peculiarities of cannabinoids®.

Combined therapies. Cannabinoids should also be
tested in combination with other chemotherapeutic
drugs or radiotherapy to establish whether they can
enhance present drug treatments. So far, only two such
studies have been carried out. In one study, y-radiation
was found to increase cannabineid-induced leukaemic
cell death®. However, in the second study synergism was
not observed between cannabinoids and tamoxifen dur-
ing the induction of glioma-cell death®. In any event,
compounds that induce cell death through ceramide
have proved useful in combined therapies®. For exam-
ple, fenretinide (N-(4-hydroxyphenyl) retinamide) kills
various types of tumour cell by enhancing ceramide
synthesis, and this effect shows potent synergism with
that of other compounds that raise intracellular
ceramide levels®, So, the usefulness of cannabinoids in
combination therapy is still unclear.

A piiot clinical trial. Glioblastoma multiforme, or grade
1V astrocytoma, is the most frequent class of malignant
primary brain tumour and is one of the most malignant
forms of cancer. As a consequence, survival after
diagnosis is normally just 6-8 months®*%. Present
therapeutic strategies for the treatment of glioblastoma
multiforme and other malignant brain tumours are
usually inefficient and in most cases just palliative, and
include surgery and radiotherapy. Some chemothera-
peutic agents, such as temozolomide, carmustin, carbo-
platin and thalidomide have been tested and the most
recent strategies for glioblastoma multiforme treatment
are focused on gene therapy, but no trial carried out so
far has been successful®%. It is therefore essential to
develop new therapeutic strategies for the management
of glioblastoma multiforme, which will probably
require a combination of therapies to obtain significant
clinical results.

The Spanish Ministry of Health has recently approved
a Phase VIl clinical trial, carried out in collaboration with
the Tenerife University Hospital and my
laboratory, aimed at investigating the effect of local
administration of THC — as a single agent — on the
growth of recurrent glioblastoma multiforme. This will
be the first human study in which THC is administered
intracranially through an infusion cannula connected toa
subcutaneous reservoir. The clinical trial has just started,
and it will be some time before the results can be deter-
mined. In the meantime, it is desirable that other trials —
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on this and other types of tumours — are initiated to
determine how cannabinoids can be used, other than for
their palliative effects, to treat patients with cancer.

Implications and future directions

One must be cautious when envisaging the potential
clinical use of new anticancer therapies. Despite the huge
amount of literature on how tumour cells work, there
has been no parallel advance in the clinical practice of
chemotherapy, and many compounds that inhibit
tumour-cell growth in culture and in laboratory animals
turn out to be disappointingly ineffective and/or toxic
when tested in patients. Regarding effectiveness,
cannabinoids exert notable antiturmour activity in ani-
mal models of cancer, but their possible antitumour
effect in humans has not been established. Regarding
toxicity, cannabinoids not only show a good safety pro-
file but also have palliative effects in patients with cancer,
indicating that clinical trials with cannabinoids in cancer
therapy are feasible.

As with many other antitumour agents, further
research on cannabinoeids is required and the precise
mechanism of cannabinoid antitumour action needs to
be clarified in more detail. If we can better understand
the intracellular signalling pathways that are involved in
cannabinoid antitumour action, determine which inter-
cellular factors and processes (for example, angiogenesis
and metastasis) are modulated by cannabinoids in
tumours and which tumours are sensitive or resistant to
cannabinoids and why, we will be one step closer to
understanding how these compounds can be used in a
clinical setting. Preclinical studies in animal models
should also be carried out to optimize administration
routes, delivery schedules, new ligands and adjuvants for
potential cannabinoid therapies. As cannabinoids are
relatively safe compounds, it would be desirable that
clinical trials using cannabinoids as a single drug or in
combined anticancer therapies could accompany these
laboratory studies to allow us to use these compounds
in the treatment of cancer.
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lung cancer | prostate cancer | skin cancer | thyroid cancer
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House of Lords Committee on Science and Technology
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ligand of cannabinoid receptors.

Unimed {di bino): http://www.marinol.com
Access to this interactive links box is free onfine.
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